ABSTRACT: We report the optical response of dielectric sub-micrometer particle dimers with resonances in the visible, illustrating a hybridization of electric and magnetic dipolar modes of their individual constituents. The experimental results, corroborated by the numerical calculations, reveal the contributions to the scattering from homogeneous pairs of dipolar electric−electric and magnetic−magnetic modes, as well as from the heterogeneous electric−magnetic modes, induced due to the overlap between the electric and magnetic polarizabilities of single scatterers. The silicon nanoparticles are fabricated on glass by a laser printing method and characterized by polarization-resolved dark-field microscopy. Extensive numerical calculations are carried out to investigate the influence of the morphology and oxidation of the dimers on the optical response in order to properly model their hybridization.
H igh refractive index, sub-micrometer particles have recently emerged as a new building block for tunable, scalable, and low-loss metamaterials. Specifically, it has been shown that spherical silicon nanoparticles provide pronounced resonances associated with the excitation of both magnetic and electric dipolar modes.
1−15 For a nanoparticle diameter of 100−200 nm these dipolar resonances occur in the visible spectral range. Importantly, the magnetic activity of dielectric nanoparticles is due to the curl of the displacement current andunlike in plasmonic materialsis not associated with large nonradiative losses. Therefore, such nanoparticles can serve as efficient magnetic scatterers 2−10 with possible applications as metamaterials, 5, 16 metasurfaces, 17 nanoantennas, 8,10,18−20 and novel optical elements exhibiting unusual scattering properties. 21, 22 Recently, it has been suggested that elementary electric and magnetic dipolar resonances of silicon nanospheres can undergo hybridization when interacting in dimer structures, forming bonding and antibonding modes 19 analogous to those found in plasmonic dimers. 23−25 However, unlike in the plasmonic dimers, the strong magnetic activity in low-loss structures provides a richer interaction scheme between two magnetic dipolar modes or a heterogeneous pair of electric and magnetic dipolar modes. The exact spectral positions of these hybrid modes depend on the radii and the separation between the nanoparticles forming the dimer. 19 This dependency has been studied theoretically for nanoparticles providing resonances within the infrared spectral range.
The experimental confirmation of these theoretical predictions was so far hampered by the limitations in methods for the generation of spherical Si nanoparticles, as well as for depositing them in a controllable fashion on a substrate. Recently, a novel laser printing technique that addresses these problems has been developed. 3 This technology relies on femtosecond laser printing of Si nanoparticles onto a glass receiver substrate using silicon-on-insulator (SOI) wafers as laser targets. Nanoparticles generated by this method are initially in the amorphous phase (a-Si), but by additional singlepulse laser irradiation the amorphous nanoparticles can be controllably transformed into crystalline particles (c-Si) or into particles with more complex mixed amorphous/crystalline phases, providing possibilities to tune optical properties of individual Si nanoparticles. The laser printing process is a key technology for the well-controlled generation of more complex dielectric sub-micrometer structures, such as the dimer reported in this work. Alternative approaches for the generation of silicon nanoparticle dimers are possible, for instance with the use of lithographic techniques. 26 However, the amorphous nature of the samples obtained with this technique makes the optical characterization of the samples very challenging. Femtosecond laser ablation in liquid 27 can also be used as a fabrication approach, but the limitation in this case relies on the difficulties in obtaining homogeneous constructs for systematic and controllable studies. Our fabrication approach circumvents these difficulties by generating identical crystalline samples that allow for systematic optical characterization.
We first briefly describe the method of fabrication of the silicon dimer structures and characterize their optical response by means of dark-field scattering spectra. The exact geometry and constitution of each of the Si nanoparticles are then modeled by means of numerical calculations, and important results concerning the distortion of size and oxidation of the outer layers are reported. Finally, we proceed to the analysis of the dimer structure. In order to interpret the experimental results, we introduce the extended hybridization scheme, which includes both homogeneous electric−electric and magnetic− magnetic modes, as well as the novel heterogeneous electric− magnetic modes. These results are corroborated by detailed numerical calculations.
■ RESULTS Dimer Fabrication. For the fabrication of silicon nanoparticle dimer structures, we applied laser printing of nanoparticles from SOI substrates. By using SOI substrates as laser targets it is possible to generate spherical silicon nanoparticles with a very smooth surface and a controllable size. Furthermore, these nanoparticles can be systematically placed and arranged on a receiver substrate. Laser printing does not require any lithographic processes, special operating conditions, or further chemical compounds such as precursors. Different parameters, e.g., laser pulse energy and layer thickness, can be used to influence the resulting nanoparticle diameter. The transfer of nanoparticles from a donor substrate has already been in use for a few years for the generation of metallic nanoparticles. One advanced approach for the generation of single Si nanoparticles from bulk silicon is the use of a ring-shaped femtosecond laser intensity distribution. 28 This method is limited to the generation of Si nanoparticles with a diameter as low as 400 nm. The most suitable method to print single Si nanoparticles is to apply SOI wafers as laser targets. Details of the printing process technique, together with the corresponding TEM images addressing the structural properties of the resulting crystallized nanoparticles, can be found in ref 3 . A schematic illustration of the generation of nanoparticles and nanoparticle dimer structures is shown in Figure 1 . First, silicon nanoparticles are transferred by single femtosecond laser pulse irradiation of an SOI substrate toward a glass receiver substrate (Figure 1a) . Subsequently, the SOI substrate is shifted relative to the receiver substrate. By repeating the printing process, silicon nanoparticle dimer structures with varying interparticle distances are realized (Figure 1b) . Initially, these structures are in the amorphous phase (a-Si). By additional single-pulse laser irradiation, the amorphous nanoparticles can be controllably transformed into crystalline particles (c-Si). The resulting silicon nanoparticle dimer structures consist of two identical nanoparticles and are shown in Figure 1c . We estimate the diameters of the nanoparticles to be about 190 nm. However, the exact shape and geometries of the nanoparticles cannot be read out from the SEM images exclusively, as the nanoparticles suffer deformation during the impact against the SOI wafer. Furthermore, as pointed out in refs 2 and 12, the outer layer of silicon oxidizes, forming a SiO 2 coating. To address these effects, in section III we present a detailed discussion of how the flattening and oxidation of Si nanospheres influence the positions of the electric and magnetic dipolar resonances, deriving the most suitable parameters to describe the morphologies of the sample obtained experimentally.
Optical Characterization. Optical characterization of the nanoparticles has been performed with a single nanoparticle spectroscopy setup. Scattered light was measured by the darkfield microscope in transmission mode (see Figure 2) . Further information about the scattering setup can be found in ref 3 . Si nanoparticles produced by femtosecond laser printing are initially in the amorphous phase (a-Si). They can be converted into the crystalline phase (c-Si) by irradiating them with a second femtosecond laser pulse. A similar approach can be applied for the fabrication of a-Si and c-Si dimers. Scattering 
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Article spectra of Si nanoparticle dimers before and after laser crystallization are shown in Figure 3 . Scattering resonances of the c-Si nanoparticle dimers, compared to those of a-Si nanoparticle dimers, are blue-shifted, and their peak intensities increased. Such behavior is explained by the changes of the silicon dielectric function during the crystallization of silicon.
We also note that the spectral positions of resonances in Figure 3 depend on the distance between the nanoparticles of the dimer, indicating hybridization of the localized modes. To study this effect in detail, we have performed polarizationresolved measurements. In Figure 4 we show spectra of the dimer structures with a separation of 375 nm (a, b) and 5 nm 
■ ANALYSIS OF THE OPTICAL RESPONSE
In order to understand the optical response of the dimer structures shown in Figure 4 and to derive the geometric properties of the individual scatterers, in the following sections we model their optical response with the FDTD method. 29 First, we focus on the simpler system of a single nanoparticle to explore important effects that determine the optical response of these structures: the oxidation of the outer layer of silicon, 2, 12 the influence of the substrate, the distortion of the shape of the scatterer, and finally, the dark-field illumination scheme. We then proceed to analyzing the optical response of dimer structures and its dependence on the separation between the scatterers and on the polarization of the incident light. The optical constants for crystalline silicon are taken from the literature. 30 Single Scatterers. The optical spectrum of a single c-Si scatterer can be influenced by many different factors such as the presence of the substrate, the oxidation of the particle, or a departure from the spherical shape of the particle. We analyze all these effects in connection with the spectra of noninteracting nanoparticles shown in Figure 3b to determine which morphology of particles reproduces the fine details of the spectra. As we will show below, the analysis of the different factors affecting the optical response of single c-Si particles is crucial to correctly interpret their spectral features, as well as to separate the effects of hybridization in dimer structures from purely morphological effects.
Presence of the Substrate. The black solid line in Figure 5a denotes the scattering cross section of a c-Si nanoparticle of 97 nm radius in air, with two dominant contributions: electric and magnetic dipolar modes marked with the green and red lines, respectively. As previously reported, 2 the spectral positions of lowest order Mie resonances in dielectric spheres are rather insensitive to the presence of substrate (dashed line). This is mostly due to the localization of the displacement currents inside the dielectric material. We observe that effect in Figure  5a , where both the dipolar electric and magnetic resonances of a 97 nm radius c-Si nanosphere peak at 600 and 750 nm independently of the presence of a silica substrate.
Oxidation of the Particle. Silicon nanoparticles undergo oxidation of their outer layers, a process that leads to the formation of a core−shell nanoparticle with a shrunken c-Si core and a silica shell. Since the refractive index of silica is significantly lower than that of the c-Si, the optical response of the nanoparticle is primarily determined by the c-Si core. In Figure 5b we show how the optical features blue-shift with the shell thickness h increasing from 0 nm (black line) to 8 nm 
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Article (blue line) and simultaneously decreasing the core radius from 97 nm to 89 nm.
Distorting the Shape of a Nanoparticle. Silicon nanoparticles formed in the printing process are not ideally spherical, but rather take the form of oblate spheroids. As shown in Figure 5c , such lowering of the symmetry of the scatterers influences the electric and magnetic dipolar modes slightly differently. Specifically, contracting the nanoparticle along the illumination direction (changing r z ) shifts the lowenergy magnetic and high-energy electric modes by 70 and 20 nm, respectively. This is clearly a very different behavior than the homogeneous shift induced by the formation of the oxide layer. A similar analysis of the geometric parameters of nanodisks and their effect on the optical response can be found in ref 8 .
Angled Incidence. To model the dark-field scattering microscopy scheme, we present the spectra obtained with varying illumination angles. As observed in Figure 5d , changing the angle of illumination modifies the relative intensity of the resonances. For instance, it is possible to eliminate the scattering from the 525 nm mode (quadrupolar magnetic) for grazing incidence.
Considering all the effects reported above, we arrive at the optimal parameters that correctly describe the spectral features of the optics of the single scatterers prepared by laser printing. We will hence describe the nanoparticles as ellipsoidal core(cSi)−shell(SiO 2 ) structures with major and minor core radii of 95 and 78 nm, respectively, and a 4 nm oxide layer.
On comparing the measured spectra of dimers shown in Figure 4a ,b with the scattering cross section calculated for a single spherical Si nanoparticle presented in Figure 5a , one can see that the two main resonances at wavelengths of 675 and 575 nm in the experimental spectra correspond to the excitation of magnetic and electric dipole modes, respectively. However, in contrast to the theoretical spectrum in Figure 5a , an additional quadrupolar resonance peak is present in the experimental curves at a wavelength of approximately 510 nm independently of interparticle distance in the dimers ( Figure 4 ). As shown in Figure 5c , this additional resonance strengthens as a result of shape deformation (from sphere to oblate spheroid) of Si nanoparticles in the fabrication process. Indeed, for an oblate ellipsoid, the scattering cross sections presented in Figure 5c ,d have an additional resonance near the wavelength (510 nm) of the experimental realization. Note that the intensity of scattering at this resonance strongly depends on the direction of the incident light.
Dimer Structures. Once we have understood the effects of morphology of single c-Si scatterers, we can safely turn to the analysis of the electromagnetic coupling in more complex structures. The optical response of dimer structures shown in Figures 3 and 4 can be understood through the hybridization of modes excited in the single constituent dielectric scatterers. The formation of dimer modes, reminiscent of that observed in numerous plasmonic systems, occurs between the elementary electric and magnetic dipolar modes of the scatterers, as shown in Figures 6 and 7 , where we analyze separately the cases of normally incident light with electric field (denoted as a red arrow) polarized along and perpendicularly to the major dimer axis, respectively. We neglect here the interaction between higher order modes, as their electromagnetic fields are largely confined inside the dielectric, and discard the asymmetry introduced into the system by the incident light. Within these approximations, we can consider only the modes of the dimer that transform according to particular irreducible representations of the D 2h dimer symmetry group. 25, 31 Labels of the relevant representations are shown in the schematics of Figures  6 and 7 . The spectra shown in these figures have been calculated for free-standing systems comprising nanoparticles with shape and structure as discussed above (see the 
Article Supporting Information for discussion of the angled illumination and the effects of the substrate).
Let us first consider the modes excited by the light polarized along the major axis of the dimer. In the hybridization scheme shown in Figure 6a we reveal the symmetries of the single nanoparticle dipolar modes, denoted by red and green arrows for electric and magnetic dipoles, respectively. The two homogeneous modes denoted as B 3u (so-called electric bonding mode) and B 2g couple directly to the incident light, as they exhibit nonvanishing electric and magnetic dipolar modes, respectively, in the polarization plane. In Figure 6b we present the experimental (black lines) and calculated (solid red lines) scattering intensities of dimer structures for varying dimer separations d ranging from 320 nm (top) to 5 nm (bottom plot). For each spectrum we have also calculated the strengths of the dipoles induced in each of the nanoparticles (p i , m i ) by integrating the polarization P (p i = ∫ V i P dV) and polarization currents J (m i = (1/2)∫ V i r × J dV) inside the volume of the dielectric V i . Having obtained these quantities, we have calculated the contribution to the scattering from the different modes. For example, the scattering from the bonding mode B 3u (dashed green line contribution) is dominant for all the dimer separations d, and it red-shifts with decreasing d, similarly to the electric bonding modes of plasmonic dimer antennas (see the Supporting Information for details on calculating the contribution from each mode). Simultaneously, the magnetic mode B 2g , denoted with a dashed orange line, blue-shifts and decreases significantly in intensity. We note that this shift is not monotonous and might point to a more complex near-field interaction not described within our model. Finally, we consider the two degenerated heterogeneous modes (marked collectively in the hybridization scheme as (B 2g + B 1g )), each comprising one electric and one magnetic dipole. These modes are induced indirectly by the incident light coupling to the magnetic dipolar mode of one sphere, which in turn induces the electric dipole in the other sphere. Since these two hybrid modes are induced coherently, they lead to the effective excitation of both magnetic B 2g and electric B 1g modes. 19 This excitation mechanism is confirmed by tracing the scattering contribution from mode B 1g (dashed blue line), which follows the magnetic mode B 2g , blue-shifting with decreasing separation d.
We note that our calculations reveal a remarkable correlation with the experimental results (see comparison in Figure 6b) . Importantly, and somewhat unexpectedly, we observe a small contribution to the scattering from the heterogeneous modes, comprising electric and magnetic dipolar excitation, in the experimental results around 570 nm for a d = 5 nm separation.
The disagreement in the intensities of the features most likely 
Article stems from the setup of the dark-field microscope, i.e., the finite aperture and the non-normal incidence of light.
We have conducted a similar analysis for the TE polarization of the incident light (electric field normal to the dimer axis). The hybridization scheme shown in Figure 7 reveals the emergence of two homogeneous modes, electric B 2u and bonding magnetic B 3g , both induced directly by the incident light. We also consider the heterogeneous mode composed as the combination of electric and magnetic single-particle excitations. This last mode is excited due to the coupling between the electric dipole induced by the incident light and the magnetic dipole of the adjoining sphere in a manner analogous to the heterogeneous mode discussed in Figure 6 , but reversing the role of electric and magnetic dipoles. Effectively, the pair of these degenerate heterogeneous modes gives rise to the excitation of the magnetic B 1u mode. The decomposition of the scattering intensity in Figure 7b reveals the evolutions of the modes as indicated by the hybridization scheme (Figure 7a) , with the red-shifting B 1u (dashed blue) and B 3g (dashed orange) and blue-shifting B 2u (dashed green) modes. As in the previous case, we observe a very good agreement between the experimental and numerical results, including a hint of the heterogeneous mode at around 710 nm for the smallest separation (blue dashed line contribution).
Finally, we note that the additional resonant feature at the wavelength of 510 nm (see Figures 6 and 7) is weakly dependent on the separation of the dimers for both polarizations of light, further pointing to the multipolar character of this excitation.
Finally, we stress that in all the calculations shown above we have only considered normally incident excitation and therefore limited ourselves to accounting for modes that can be excited in such a highly symmetric setup. Nevertheless, our numerical results reproduce all the dominant features of the experimental dark-field scattering spectra measured with a highly asymmetric setup shown in Figure 2 . This agreement indicates that all the dimer modes that were dark under normally incident light either are not excited in the dark-field setup or do not contribute to the scattering spectra. We present a more detailed study of these dark modes and their excitation mechanism under grazing incidence of light in the Supporting Information.
■ CONCLUSION
We have investigated dimers of sub-micrometer crystalline silicon nanoparticles with different interparticle distances, ranging from 5 to 375 nm. The dimers have been fabricated on a glass substrate by the laser printing method, which has been recently developed for Si nanoparticles with resonant optical responses. We have experimentally demonstrated that the resonant optical behavior of the dimers is dependent on the interparticle distance and the polarization of the incident light. For small interparticle distances the electric and magnetic dipolar modes of single scatterers hybridize and form homogeneous electric−electric, magnetic−magnetic, and more complex heterogeneous electric−magnetic modes, following the hybridization scheme discussed herein. We note that the magnetic activity of the dielectric nanoparticles promotes a much richer hybridization scheme than that observed in the dimers of plasmonic nanoparticles, and it requires further investigation. These findings are reproduced very accurately by numerical simulations, which further allowed us to access information about the exact shape and composition of the scatterers. We conclude that the tunable and strongly interacting dielectric dimers are a versatile tool for studying the light coupling in dielectric nanostructures. Furthermore, as building blocks for more complex systems, they carry the potential to replace lossy plasmonic gap nanoantennas as a robust platform to host a variety of field-enhanced spectroscopies, such as SERS and SEIRA, and lead to novel, advanced metasurfaces.
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